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oot Neutrino Conception

The Why,
VZ?:;VLV:;?; Before 1930’s: beta decay spectrum continuous - is this energy

Baseline non-conservation?

Neutrino
Experiment

Energy spectrum of beta
decay electrons from 210g;

Intensity

History of vs

0 0.2 0.4 0.6 0.8 1.0 12
Kinetic energy, MeV

G.J Neary, Proc Phys. Soc., A175, 71 (1940)



oot Neutrino Conception

The Why,
WERWEAN Dec 1930: Wolfgang Pauli’s letter to
of the Long . . . .
Baseline physicists at a workshop in Tubingen
Wetiiie proposes that a neutrally charged
Experiment . .
“neutron” with a mass “< 0.01 proton

mass” is emitted in beta-decays.

LM"‘L t"‘ Dear Radioactive Ladies and Gentlemen, Wolfgang Pauli
aboratory

As the bearer of these lines, to whom | graciously ask you to listen, will explain to you in more detail,
how because of the "wrong” statistics of the N and Li6 nuclei and the continuous beta spectrum, | have
hit upon a deseperate remedy to save the "exchange theorem” of statistics and the law of conservation
of energy. Namely, the possibility that there could exist in the nuclei electrically neutral particles, that |
wish to call neutrons, which have spin 1/2 and obey the exclusion principle and which further differ from
light quanta in that they do not travel with the velocity of light. The mass of the neutrons should be

of the same order of magnitude as the electron mass and in any event not larger than 0.01 proton masses.
The continuous beta spectrum would then become understandable by the assumption that in beta decay
a neutron is emitted in addition to the electron such that the sum of the energies of the neutron and the
electron is constant...

| agree that my remedy could seem incredible because one should have seen those neutrons very earlier if
they really exist. But only the one who dare can win and the difficult situation, due to the continuous
structure of the beta spectrum, is lighted by a remark of my honoured predecessor, Mr Debye, who told
me recently in Bruxelles: " Oh, It's well better not to think to this at all, like new taxes”. From now on,
every solution to the issue must be discussed. Thus, dear radioactive people, look and judge.
Unfortunately, | cannot appear in Tubingen personally since | am indispensable here in Zurich because of
a ball on the night of 6/7 December. With my best regards to you, and also to Mr Back.

Your humble servant

. W. Pauli

History of vs
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1932: James Chadwick discovers the neutron -
its too heavy - cant be Pauli’s particle

History of vs

Solvay Conference, Bruxelles 1933: Fermi
proposes to name Pauli’s particle the “neutrino”.

Enrico Fermi



sRoodiiey  The Theory of Weak Interactions

The Why,
What, Where

f . .
OBt::e“L::g > 1933: Development of the theory of weak interactions and beta

Neutrino decay
Experiment

Neutral current

Charged current interactions interactions
Neutrino interacts n or p interacts with
Decay of neutron with neutron neutrino or antineutrinc
e— V
e— norp vorv
History of vs

p P,

W W-

v vorv
n n n vV norp
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Finding Neutrinos...

1950’s: Fred Reines at Los Alamos and Clyde Cowan mounted an

experiment at the Hanford nuclear reactor in 1953 and in 1955 at the
new Savannah River nuclear reactor. A detector filled with water with
CdCl; in solution was located 11 meters from the reactor center and

12 meters underground.

The detection sequence was as follows:
Ve+p—n+et
et +e — v (2X 0.511 MeV + T:)

n+'% Cd —'% Cdx —'% Cd + ~
(T = 5us).




""““"'ﬁ""" Neutrinos have Flavors

The Why,
What, Where
of the Long
Baseline
Neutrino
Experiment

1962: Leon Lederman, Melvin Schwartz and Jack Steinberger use
BNL'’s Alternating Gradient Synchrotron (AGS) to produce a beam of
neutrinos using the decay m — puy

P

Laboratory

10 ton detector

(Spark chamber?)
Target LR
History of vs
P+ T Yu
o
W
20m
— Iron absorber
The AGS Making v’s

Result: 40 neutrino interactions recorded in the detector, 6 of the
resultant particles where identified as background and 34 identified as
H = VUx =V,

The first accelerator neutrino experiment was at the AGS.



""““"‘ﬁ""“ Number of Neutrino Flavors: Particle Colliders

The Why, 1980’s - 90’s: The number of neutrino types is precisely determined
What, Where . 0 . . + - .

of the Long from studies of Z" boson properties produced in eTe™ particle

Eeediing colliders. N, = 2.984 4 0.008

Neutrino

Experiment

The LEP e*te™ collider at CERN, Switzerland

LEP/LHC

p5 (proton)
Ion

|4
B et (posteon)
& felearony

History of vs

Energy (GeV)




moosini  Direct Observation of v,

WThZf\O/\,K,e July 20, 2000. The DONUT experiment finds evidence for the 3"

of the Long neutrino:
Baseline Detecting a Tau Neutrino
Neutrino

Experiment I I

Iron Pasti ron tasi Iron
Nation - /
Laboratory ELEMENTARY
w e
-
) — [}

History of vs © —
= = )
(=4 (]
v o T |
S @ —
£ o o
=1 = e
7 (] y
- (el Tom 0

Tauneuting Paricle
s ron nucleus, Tau from tau
Newtrno | produces lepton |Emuision leplon |Emusion Tracks
beam | iau ieplon rack |iayers decay  llayers ecorded
v f ane millon milion tau neutinas crossing the DONUT detector, scientsts expact about ane (o nteract with an ron nucleus.

[en—

Standard model: 3rd neutrino is the partner of the T lepton
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""““"‘ﬁ""" Neutrino oscillations

WThZfVV\O:]Vere 1957,1967: B. Pontecorvo proposes that neutrinos could oscillate:

o e e va ) _ cos(8) sin(0) 2
Neutrino Vp —_ sm(0) COS(O) | %)
Experiment
va(t) = cos(8)vi(t) + sin(0)va(t)
| < vblvalt) > |
sin2(0) c052(0)|e_iEzt — e_iElt|2

P(va — )

Neutrino Mixing

P(

where Am2; = (m3 — m?) in eV?,
L (km) and E (GeV).

PROBABILITY

Observation of oscillations

implies non-zero mass eigenstates

3000
L/E (km/GeV)

13/65



moodin  The Homestake Experiment

NATIONAL LABORATORY

The Why, 1967: Ray Davis from BNL installs a large detector,
WERWSS containing 615 tons of tetrachloroethylene (cleaning
SRSl fluid), 1.6km underground in Homestake mine, SD.

Baseline
Neutrino
Experiment

v +3 CL — e~ +% Ar, 7(*'Ar) = 35 days.

Number of Ar atoms =~ number of "
interactions.

Results: 1969 - 1993 Measured 2.5 + 0.2
SNU (1 SNU = 1 neutrino interaction per
second for 10% target atoms) while
theory predicts 8 SNU. This is a

v"" deficit of 69% .

Neutrino Mixing

Solar v, disappearance =

first experimental hint of oscillations
14/65



shoowtiien - SN O Experiment: Solar v — v, Measurments

The Why,
What, Where
of the Long 2001-02: Sudbury Neutrino Observatory. Water
oeline Cerenkov detector with 1 kT heavy water (0.5
Experiment B$ worth on loan from Atomic Energy of Canada
Ltd.) located 2Km below ground in INCO’s
Creighton nickel mine near Sudbury, Ontario.

Can detect the following v*'" interactions:

1) ve+d — e +p+p (CC).
2) vy +d — p+ n+ vy (NC).
3) ix+e” — e + v (ES).

Neutrino Mixing

SNO measured:
$SSo(ve) = 1.75 £ 0.07(stat) *% 2 (sys.) & 0.05(theor) x 10°cm ™25~
dEno(vx) = 2.39 £ 0.34(stat) T4 2% (sys.) & x10°cm—2?s~!
BY%0 (vx) = 5.09 + 0.44(stat)*%% (sys.) £ x10%cm s~

All the solar v’s are there but v. appears as vy!

15/65



seequtiion The Super-Kamiokande Experiment. Kamioka
Mine, Japan

The Why,
What, Where
of the Long AN

Baseline ; / \ Neutrinos are identified by using

E?::,ti:'n";t CC interaction v, e — ei, /,LiX.

The lepton produces Cherenkov
light as it goes through the
detector:

Mary Bishai
Brookhaven
National
Laboratory

CHERENKOY EFFECT
p=vic nlwater)- 133

Neutrino Mixing o cos 8= 1/pn
B=1  ©=42degrees

50kT double layered tank of ultra
pure water surrounded by 11,146
20" diameter photomultiplier
tubes.




smownsiion The Super-Kamiokande Experiment. Kamioka

Mine, Japan

The Why,
What, Where
of the Long
Baseline
Neutrino
Experiment

Outer Detector

Mary Bishai
Brookhaven
National
Laboratory

Why
Neutrinos

Neutrino Mixing

Accelerator v

Experiments ! ‘ Electron

Neutrino
Which Event
Baseline?

Whats LBNE?

Summary and
Conclusions

MUON
Neutrino
Event




smookiiey  Atmospheric Neutrino Oscillations: Vs Ves U
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What, Where
of the Long
Baseline

Neutrino ]
Experiment . _"7) 10
i s
Air nucleus K - . Frejus v,
IE o, o Fréjus vj
S e
. © untolding
Pions 3 Jforward Soicing
et IceCubev
T+ ) . ?
ur chrward olding

Dr o
Neutrino Mixing Ompt, . N
—Hondav, ° N B}
- -Bartolv, Tl
—Hondav, [
R P D TN A et DV

0 1 2 3 4 5
log,  (E [GeV])

Many decades in E

neutrinos
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T ——

> Air nucleus
Mary Bishai e
Brookhaven
National Pions

Laboratory

T[+

Why

Neutrinos

Neutrino Mixing

BROOKSNGEN Atmospheric Neutrino Oscillations: v, Ve, U

Isotropic flux of
COSMIC rays

L = 0 to 13,000 km

19
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KamLAND: Reactor v, — v, Oscillations

The Why,
What, Where
of the Long
Baseline
Neutrino
Experiment

solar

- _ . .2 1.27Am2 L
P(Ve — %) = sin’ 205010y sin® =~ peolar=

1KT Liquid
— Scintillator

Mineral Oil
buffer

Neutrino Mixing

\World reactors + Research reactors : 0.96%
Korean reactors : 3.2%

tainless Tank

20/65



“““““‘ﬁ:"" Two Different Mass Scales!

KamLAND, reactor e

The Why, Super-K, atmospheric v,
What, Where T T T T
of the Long mn — Oscillation
Seeiine @16 — Decoherence
Neutrino (] —D 1
Experiment = 1.4 ecay
212
c
s !
© 0.8
B 06
a
0.4
3
Neutrino Mixing 8 0.2
0 | | 5 | 3 | Y
1 10 10 10 10

L/E (km/GeV)

Global fit 2013:
Aml,, = 2.43%%5% x 1073 eV?
sin® Oatm = 0.3861%3)

Atmospheric L/E ~ 500 km/GeV

—

08

0.6

04

Survival Probability

02

+

+ Data-BG-GeoV,
— Expectation based on osci. parameters
+ determined by KamLAND

L Ll
20 30 40 50 60 70 8 90 100

L(/Ev‘ (km/MeV)

Global fit 2013:
AmZ,,, = 7.54%%5% x 107° eV?
sin” Osotar = 0.30775 %

Solar L/E ~ 15,000 km/GeV

21/65
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More Reactor ©7,: The 3rd Mixing Amplitude

[

Atmospheric osc.
sin226,,

S_ol r osc.
Sin“2044,,,

o
2]

Survival probability Pgy,

X )
Double Chooz F

0.6 ~1.05km &
Daya Bay Far
, ~1.65km
0.4
i
RENO Far KamLAND
~1.44km ~180km, for &,
0.2 L 1 1
1 10 100
L [km]

In 2012: Measurement of a 3rd mixing amplitude:

sin 613 = 0.0241 &+ 0.0025

Much smaller than sin? Osar and sin? Gam.

22/65
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Neutrino Mixing

Neutrino Mixing: 3 flavors, 3 amplitudes, 2 mass
scales, and a CP violating phase

=
g
=1
&
w3
A
=
2
El Amly sin’0z3
“ | . 31 I
sinf;3
NORMAL INVERTED
Fractional Flavor Content

Parameter Value (neutrino PMNS matrix) Value (quark CKM matrix)
61, (solar) 34 £1° 13.04 & 0.05°
673 (atm.) 38 £+ 1° 2.38 £ 0.06°

013 8.9 & 0.5° 0.201 + 0.011°
AmZ L | +(7.54 £ 0.22) x 1075 ev?

0.10 —

[AmZe | (2.4375,1%) x 1073 ev? m3 >> my

Scp —170 + 54° 67 + 5°

Unknown: Is m; < m3 or vice versa?. Whats the value of 6,7

23 /65



“““““‘ﬁ:"" Neutrino Masses in the Standard Model

The Why, In Grand Unified Theories all 3 forces (strong, electro-magnetic,

VX?:}:GV{::; weak) unify at very high energies:
Baseline Forces Merge at High Energies
Neutrino 0.15 [ D D ]
Experiment E E
8 ]
5010 3
L ]
G r E
S h
= s b
3 0.05 3
n b ]
Neutrino Mixing E -
oot 1.1l ]
100 101‘- 10& 1012 1018 1020

Energy in GeV

A minimal re-normalizable extension to the Standard Model to
account for 3 small left-handed neutrinos introduces 3 additional
massive scalar right-handed sterile neutrinos of mass ~ M. M ~ GUT
scale or M ~ 1 TeV (DARK MATTER?)

See-saw model: Neutrinos are Majorana (v = )
24/65



BROOKSAEN Searching for CP Violation in Neutrino Oscillations

The Why, Matter/anti-matter asymmetries in neutrinos are best probed using
What, Where - - . . . .
of the Long Vu /Uy — e/ e oscillations (or vice versa):.
Baseline

Neutrino The charge-parity (CP) asymmetry is defined as

Experiment

hai .Acp

_ P(vp — ve) — P(Ou — )
- P(Vu — l/e) + P(ﬁ“ — ﬂe)
cos 023 sin 2013sin & [ AmL

sin 023 sin 013 4Eu

Agp ~ ) + matter effects
from Z. Parsa, BNL

ronciBasdlisel The CP phase ., is unknown. CP is violated when 4, # 0,

Oscillations

The 3 most important things to know about v CPV
m A, x 1/sin6013 = Large 613 makes CPV searches HARDER.

m A, < 1/E, = CP asymmetries are larger at lower energies

m A, < L = CP asymmetries are larger at longer baselines

25 /65



""““"‘ﬁ""“ Neutrino Interaction Cross-sections

The Why, Neutrino CC cross-sections are very small and scale with energy:

What, Where
of the Long
Baseline
Neutrino
Experiment

Long Baseline v
Oscillations

&AMl Miniflsabil .J/

&
7
6
57
4
3
2
1

CC neutrino cross saction (10™ cm?)

% 1273 4 5 68 7 8 98 10
E, (GeV)

Long baseline oscillations over 100’s km and > 200 MeV
energies needed to probe CPV

26 /65



""““"'ﬁ""" Matter Effect on Neutrino Oscillation

hedihy; 1978 and 1986: L. Wolfenstein, S. Mikheyev and A. Smirnov propose

What, Where

of the Long the scattering of v, on electrons in matter adds a coherent forward
Baseli . . . A . .
Moo scattering amplitude to neutrino oscillation amplitudes. This acts as a
Experiment refractive index = neutrinos in matter have different effective mass

than in vacuum.

Long Baseline v
Oscillations

C= Y
e
The matter effect on v. scattering can be used to detect the unknown

neutrino mass ordering using vx — v, oscillations through matter

27 /65



ooy \|atter Effect on P(v, — ve)

P(v,=v), NH

The Why,

What, Where )
@
of the Long S 10
Baseline = Zg
Neutrino w o
Experiment g
[77]
1
P
L=
o
E| 02 Jtion, /
i /i /
500 1000 1500 2000 2500 3000 0 005 01 015 02 025
Baseline (km) P(V,,_)Va)v NH
P(v,—v ), H At735km
s )
Long Baseline v/ > 15 @
Oscillations S 10 S 10
= = 6 =
w 8 g W
2 12
3 .
&' .08
1 | 1
z | <o.06
y 7
/0 /

0 0.05 0.1 015 02 025
Baseline (km) Plv,—v). IH
28 /65



ooy \|atter Effect on P(v, — ve)

v, —=v ), NH
The Why, i

What, Where )
@
of the Long S 10|
Baseline =
Neutrino w
Experiment
3 .02 ion, /
i /
500 1000 1500 2000 2500 3000 0 005 01 015 02 025
Baseline (km) Pty —v), NH
P(v,—v), H At 1300km
— 2 o~
Long Baseline v 3 ° s >
Oscillations S 10 X . S 10
= © I
> >
w g W
12
x|
.08
| 1
| 0.08
.04
02 tion, /
/
0 005 01 015 02 025
Baseline (km) Plv—v), IH
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ooy \|atter Effect on P(v, — ve)

v,=v), NH
The Why, b J L
What, Where S I > . E
of the Long & 10| ol LI Oscillations at 2700kn
Baseline = % =
Neutrino w g W
Experiment .12
C o .
1 X
hai < -l
.08
' =18 . pd
=7 . ,
N al E . ] :
Laboratory .04
I{,ﬂ .02
~500 1000 1500 2000 2500 3000 0 005 01 015 02 025
Baseline (km) P(vp—wa), NH
P(v,—v), H At 2700km
< 2 o~
Long Baseline v/ > S
Oscillations & 10 2 8@
= ° 6 =
q
w o 1 W
g !
d 3 .:z
C i -
g < .08
1 | 1
L | —0.08
ot
.04
é‘ & 02

1000 1500 2000 2500 3000 0 0.05 0.1 015 02 025
Baseline (km) Plv,—v). IH
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CP and Matter Asymmetries vs. Baselines for fixed
NATIONAL LABORATORY L/E

Bllllﬂl(ﬁ:lﬂl

The Why, CP asymmetriesin v, - v at 1 osc. node
What, Where

of the Long a F
Baseline g E /
Neutrino ;”09? NH; 8 P 0
Experiment ID"O 8: vacuum, 5cla =-90°
eoE vacuum, &, =-45°
c — o
0.7: vacuum, ch =2 .
E vacuum, 3, =-10
0.6
0.5F /
0.4F
0.3
Long Baseline v E
Oscillations 0.2
= ~
[ L
0.1: —
o=
102 10°

Baseline (km)
Impact of the mass hierarchy on asymmetry is

very large in long baseline experiments

31/65



snooktindey  CP Asymmetries and the Mass Hierarchy

The Why, v, — U, oscillation maxima occur at
What, Where
of the Long

- 2 2
Baseline 2.5Am32(eV )L(km)
Neutrino E;(GeV) = n= l, 2, 3...
Experiment (2" - 1)71'
L = 290km
Total Asymmetry at 290km
1=
08F — 1st osc. node
E | = — 2nd osc. node
0.6
F “H
0.4

0.2

Long Baseline v

Oscillations 0 /l
£ A
0.2 3
0.4
0.4 1 / )
L06E Degenerate solutions
0.6 [ 3
-0.8[
S S S R S A
-150 -100 -50 0 50 100 150
8 ., (Degrees)

At short baselines, irreducible degeneracies with MH,d,

32/65



shootinie  CP Asymmetries and the Mass Hiera

The Why, v, — U, oscillation maxima occur at
What, Where
of the Long

- 2 2
Baseline n 2.5Am32(eV )L(km)
Neutrino E,,(GeV) = n= l, 2, 3...
Experiment (2" — 1)71'
Mary Bishai L = 1000km
3rook
EIREElE Total Asymmetry at 1000km
Laboratory 'EE 1: = ;
dosl — 1st osc. node
@0 oF B . — 2nd osc. node
Loo L
E < S\ | IH
04’/”,“ \
02/
Long Baseline v L.
Oscillations Of ____________
02
04f
0.6F
0.8
717‘-‘150‘”-‘106”‘-50‘ L ‘U‘ L \50\ L \100\ L ‘1..;0”

3 - (Degrees)
A baseline > 1000km is needed separate MH from d.,
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ACCELERATOR v Experiments

Accelerator v
Experiments
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BrookinteN — T'he Fermilab Accelerator Complex 2012

The Why,
What, Where
of the Long
Baseline
Neutrino
Experiment

Fermilab Accelerator Complex 2012

o '
Mary Bishai Tt Bom : S
Brookhaven R Target Esamiince 2&*
National et . -

Laboratory

=B
e S ¢
ToMinestr e
o >
e
g 'm

Beams

Prulens
= Neutrinos
Muons
® Electrons
O Target




mooiniey  Neytrinos at the Main Injector (NuMl)

The Why, High power TUNABLE conventional neutrino beam:
What, Where

of the Long Absorber Muon Monitors
Baseline Target
Neutrino Dccay Pl])c
; Target Hall Hr
Experiment 120 GeV 2 —_—
protons N
_pronomt N . ﬁﬂ
From #1 -
Main Injector Horns Pl
10m 30m
675m
. 5m —_— —
Hadron Monitor 12m 18 210m
0.1
Beam MC -LE . . .
0.12 e Source Oscillation Detection
0.10 —HE
>99% 2

°
S
8

7, K

<1%
Ve
0.00 -

0 2 4 6 8 10 12 14 16 18 20
Energy (GeV)

NuMI as built cost (2004): ~ $115 M (did not include all labor costs!!!)

°
°
2

CC Events/GeV/3.8x10°°POT/kt
>
3
8

> 3Xx more expensive in FY12 $!
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""““"'ﬁ""“ Fermilab Proton Plan

The Why,
What, Where
of the Long
S 2 50F+17
Neutrino
Experiment

~+—Total

- Booster Neutrings g-2 ——mule

—#—Main Injector

i A e o o o b a  a

2.00E+17

120 GeV v

1.50E+17

Protans/Hour

1.00L+17

5.00E+416

Beams

0.00E+00 ’ r
2011 2012 2013 2014 2015 2016 2017 2018 201 2020 2021

Fermilab proton improvement plan: MI: 700 kW at 120 GeV by 2014
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BROOKENEN it yre plans at Fermilab: Project X

The Why,
What, Where
of the Long
Baseline
Neutrino

Experiment i :
xperimen Neutrinos 2

Mary Bishai to LBNE
Brookhaven
National
Laboratory

for rare processes

muons, karons, nuclei

neutgls l TMW C\WV @1 GeV
Why / nuctei) (EDMs,
Neutrinos roals i emeTEy)
E 8\GeV Pulsed

Proton Beam

W @8LLY

Neutrinos, muons

Which
Baseline?

Beyond 20257: 2.4 MW at 60-120 GeV

Whats LBNE?

Summary and

Conclusions




BRouKnEY Superbeam Baselines in the U.S.

The Why,
What, Where
of the Long
Baseline
Neutrino
Experiment

CC event rates per 100kt.MW.yrs (1 MW.yr= 1 x 10? p.o.t) for
sin? 2613 = 0.1, 6, = 0, NH:

(B9t [ v, CC [ v, CCosc [ v NC [ webeam [ v — v [ v — o7 |
Ash River 810km
Hmstk 1300km | 29K | TIK | 50K | 280 | 1100
CA2500km | TIK | 20K | 16K | 8 | 760 | TBD |

Need MW beams and 100 kton detectors regardless of baseline!

Beams
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What, Where
of the Long
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Neutrino
Experiment

Detectors

Massive Neutrino Detectors: Water Chere

PMT Blectronics Racks,
PMIT Cable Risers,

Excess-
cable tray,

Wain Tunnel {Half Shown]

e,

= —

ki e

=%

Magnetic Compensation Coils
[mast oemitted for visibility)

O Ring of Wall PMTS

", Watr Recirculstion
| anifokts

Excavation Tunngl

Vessel Wall

Floor PIU Suppert Structure

Floor PIUs.

200kTon (underground) : ~ 700$M FY10$ (incl. 40% contingency)

40/
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BrookfinveN |\ 3ssive Neutrino Detectors: The LAr TPC

vathe VV\OL}gre A 35 kton fiducial Liquid Argon Time-Projection-Chamber:

of the Long
Baseline
Neutrino

Experiment

Cryogenics - cold box, buffer storage

Cryostat septum
LAr filtration system

Detectors

Detector
2 high x 3 wide x 18 long drift cells x 2 modules
216 APAs, 224 CPAs

35 kton (underground) : ~ 660$M FY10$ (incl. 40% contingency)
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""““"‘ﬁ""“ Neutrino Interactions in a LA

Wire Number

The Why, 0 500 1000 1500 2000
What, Where Decay electron K —
of the Long - £
Baseline >
Neutrino £
- B
Experiment Vp CC 5
8
5
Wire Number

200 300 500
Protan ! 'a‘
High dE/dx, £
. 5
. =
s
3
Ve CC Electron’ S
3
5

Wire Number
2600 2700 2800 2500

Detes Neutral Current . )
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""““"‘ﬁ""“ Sensitivities vs Baseline

The Why,

What, Where Starting from the MI 120 GeV, we produced an optimized horn
of the Long

Baseline focused beam based on NuMI designs for each baseline. For shorter
Neutrino baselines we used off-axis angles. For 35 kTon LAr-TPC.

Experiment

v, — Ve Appearance. Normal Hierarchy

BLOPT 300km v mode BLOPT 1300km v mode BLOPT 2500km v mode
F
Sinf(20,,)=0.09 sin'(26,,)=0.09 sin'(20,,)=0.09
S e Signal, 3p-90° (NE523.6) S e Signal, 3=-90° (N=923.3) S e Signal, 3;52-90° (N=798.9)
0, 1 Signal (N=477.9) Q100 1 Signal (N=767.0) 0,09 [ Signal (N=6139)
= — Signal, 3,,=00° (N=327.2) 2 — Signal, 3,,=00° (N=556.8) 2 — Signal, 3,;=00° (N=498.6)
8 I Beamy, (v5307) 8 I Beamy, (=1492) 8 B Beamy, (V=725)
N I NG + O, (N=2112) N [ NG + G-y, (N=1616) N [ NG + CC-, (N=68.8)
~ ~ ~
2 2 2
5 5 E) 5 E) 5
> > >
w w w Py
Which
Baseline?

6 8
Ereco [GeV]
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""““"‘ﬁ""“ Sensitivities vs Baseline

The Why,

What, Where Starting from the MI 120 GeV, we produced an optimized horn
o e e focused beam based on NuMI designs for each baseline. For shorter

Neutrino baselines we used off-axis angles. For 35 kTon LAr-TPC.

Experiment

\VEY E
B ave v, — Ue Appearance. Normal Hierarchy
BLOPT 300km v mode BLOPT 1300km ¥ mode BLOPT 2500km ¥ mode
sin'(26,,)=0.09 sin'(26,,)=0.09 sin'(20,,)=0.09
S s Signal,35=-90° (N=125.3) S s Signal,35-90° (N=1656), S s Signal, 35=-90° (NE793)
0,00 1 Signal (N=168.) 0,00 1 Signal (N=2265) 0,09 1 signal (N=987)
2 — Signal, 3,,=00° (N=170.8) 2 — Signal, 3,;=00° (N=244.4) 2 — Signal, 3,,=00° (N=1025)
8 B ooy, (N3163) 8 B Beamy, (N=T56) 8 B Beamy, (N=365)
S [0 NC + CC, (N=1325) g [ NC + CCv, (N=99.6) g [0 NC + CC, (N=386)
2 2 2
C 5 C 5 € 5
[ [] []
> > >
w w w
Which
Baseline? e
6 8 2 4 6 8 2 4 6 8
Ereco [GEV] Ereco [GEV] Ereco [GEV]
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“““““‘ﬁ:"" Sensitivities vs Baseline

The Why, Starting from the MI 120 GeV, we produced an optimized horn

What, Where . .
of the Long focused beam based on NuMI designs for each baseline. For shorter

Seeclin baselines we used off-axis angles. For 35 kTon LAr-TPC.

Neutrino
Experiment

Mass hierarchy senstivity at > 3o

c 12
S r
g r
L 10
[
© E No v, Bkgd
0.8 -~ t
r -we.. With v, Bkgd
0.6
- 30 MH
- Normal Hierarchy
04 sin%(28,,) = 0.09
L 35 kT LAr, 5+5yrs
02
Which +
Baseline? 0.0l 1 1 1 1 1 1
: 500 1000 1500 2000 2500 3000

Baseline (km)

Baselines of 1500-1700km sufficient to resolve MH
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“““““‘ﬁ:"" Sensitivities vs Baseline

The Why, Starting from the MI 120 GeV, we produced an optimized horn

What, Where . .
of the Long focused beam based on NuMI designs for each baseline. For shorter

Senelline baselines we used off-axis angles. For 35 kTon LAr-TPC.

Neutrino
Experiment

Mass hierarchy senstivity at > 50

c 12
S r
g r
L 10
[
° F No v, Bkgd
0.8 - ‘
N -we.. With v, Bkgd
0.6
- 50 MH
- Normal Hierarchy
04 sin%(28,,) = 0.09
N 35 kT LAr, 5+5yrs
02
Which -
Baseline? 0.0l 1 1 1 1 1
: 500 1000 1500 2000 2500 3000

Baseline (km)

Baselines of 1500-1700km sufficient to resolve MH
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“““““‘ﬁ:"" Sensitivities vs Baseline

WThhe vay Starting from the MI 120 GeV, we produced an optimized horn
ofi}:'e Lof; focused beam based on NuMI designs for each baseline. For shorter

535:“,"8 baselines we used off-axis angles. For 35 kTon LAr-TPC.
eutrino
Experiment

CP violation sensitivity at 3o

1.

30 CPV
Normal Hierarchy
in%(26,,) = 0.09

S = No v, Bkgd
35 KT LAr, 5+5 yrs -+ With v, Bkgd

0.8

8p Fraction

0.7
0.6
05
0.4
0.3

0.2
0.1

Which

Baseline? 0.0

1 1 1 L 1
500 1000 1500 2000 2500 3000
Baseline (km)

Baselines of 1000-1500km best CPV sensitivity
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sRoodiiey  The Long Baseline Neutrino Experiment

The Why,
What, Where
of the Long
Baseline
Neutrino
Experiment

Tunable neutrino beam

A
Chicdgo

HlinoisY

Underground =z

Research > e ¢

Facility —Google™
Whats LBNE? .

Eye alt 1108.67 km




oAy The Sanford Underground Research Facility
(SURF)

The Why,
What, Where
of the Long
Baseline
Neutrino
Experiment

Mary Bishai
Brookhaven
National
Laboratory

Dedicated underground research lab at Homestake Mine since 2008

Whats LBNE?
Located 1300km from Fermilab : optimal basline for CPV.
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IPAEN

NATIONAL LABORATORY

The Why,
What, Where
of the Long
Baseline
Neutrino
Experiment

Laboratory

Whats LBNE?

The LBNE Beamline

Novel beam-on-a-hill construction for 2.3MW from 60-120GeV

APEX OF
EMBANKMENT

MAX. HEIGHT = 58'+

MIN. MI-10 POINT OF
LBNE20 23 SOIL ELEV. 799¢ EXTRACTION

LBNE 30 TARGETHALL  sHIELDING

ABSORBER HALL COMPLEX

SURFACE BUILDING
5.5m conrete

LBNE 5 - PRIMARY BEAM T
SERVICE BUILDING

EXISTING ELEV. 751%

ENCLOSURE

TARGET / / ROCK

ELEV. 750+
ROCK/SOIL BEAM=
ELEVCrss ENCLOSURE
MAIN INJECTOR

Cost: ~ 390$SM AY (CD1) with 204m decay pipe

(incl 30% cont. and conventional facilities)
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BrookirveN - T'he | BNE Beamline

The Why,
What, Where e . .
of the Long Utilizes tunable NuMI targetry/focusing designs

Baseline

Neutrino
Experiment

Whats LBNE?
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mookies  The LBNE Beamline

The Why,
What, Where . .
of the Long Excellant match to v, — v. oscillation

Baseline

v, CC spectrum at 1300 km, Am?, = 2.4e-03 eV?

Neutrino

Experiment 500, . 01
s E \ ™\ sin220,,=0,5,,= n/a B
S 450F in?2. = - 3
s o sin©20,,=0.1,5 =12 =
£ 0% / sin?26,,=01,5,=0(>% 2
5 E
S 350p [ sin?20,,= 01,5, =2 3
B ol / il
E 300 { / 70.06 g
3 250 2
8 ool L] Toos
U; 200) 1 ’ I I 0.04
> : ,

150 \ 7

7

100 i 0.02
50
0 1 10 0
E, (GeV)

Whats LBNE?
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Ve Appearance Signals in LBNE 35 kton LAr-TPC

whitehead, UH

Bnﬂﬂkﬁlﬂl

NATIONAL LABORATORY

The Why, v, spectrum

9, spectrum

3 35 kion LAr @ 1300 km 3 "7 35 kton LAr @ 1300 km
What, Where $120F Syrs v mod e ] 40| Syrs V d — Signal, 8., =
of the Long Q sin I sin Signal,
B | o Normal’iuerarchy o Normaﬁuerarchy — Signal, 8,
aseline F100F R G 35
g £ — signal, &, = £
Neut.rlno % Signal, 5”.90“ E 20 ﬁmm)gcc
Experiment 8o sngna‘ 50 =-90° Tv)
wv e
60F @mv, cc
Beam v, CC
40,
20,
0
2 3 4 5 6 71 8 3 4 5 6 7 8
Reconstructed Neutrino Energy (GeV) Reconstructed Neutrino Energy (GeV)
V, spectrum sze spectrum
3 35 kton LAr @ 1300 km 3 35 kion LAT @ 1300 km
01201~ 5 yrs O 4ok S yrs ode — signal, 3, =
© 20, = 0,00 © 4% sin%(26,) = 0.09
S Inverteé:hlerarchy S |nveneéf hierarchy
gioor Signal, 5,=0° 2%
= — Signal, &, = =
E Signal, 5., = 90° & 20 m (zv:“:v;gg
80~ — signal, 8, = -90° vV
—Ine 25 Beam (7,+v,) CC
&\ v.cC
60— @mv. cc 20|
Beam v, CC
40 &
10|
Whats LBNE? 20 .
0 2 3 4 5 6 1 O T
Reconstructed Neutrino Energy (GeV) Reconstructed Neutrino Energy (GeV)

53 /65



LBNE MH /CPVSensitivities with 700kW Beam, 35
kton. M. Bass, CSU

Bllllﬂl(ﬁlﬂl

NATIONAL LABORATORY

The Why, Worst case sensitivity to mass orderving vs exposure
What, Where

Oth::enL:: y Mass hierarchy sensitivity
Neutrino 100% 5cp Coverage, Normal Hierarchy
Experiment
1%/5% signal/BG systematics =
100 - 5%/10% signal/BG systematics ===<1
No systematics =zzzz1
80 Beam
Improvements
o 60
=
<
40 e
5o
20
3o
0 Il
Whats LBNE? 0 200 400 600 800 1000

Exposure with 700kW (kt*years)
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LBNE MH /CPVSensitivities with 700kW Beam, 35
kton. M. Bass, CSU

Bllllﬂl(ﬁ:lﬂl

NATIONAL LABORATORY

The Why, Worst case CPV sensitivity to 50% of d, allowed values:
What, Where
of the Long

Baseline CP violation sensitivity .
Neutrino 50% dcp Coverage, NH(IH considered)
Experiment 50
1%/5% signal/BG systematics
5%/10% signal/BG systematics =~
No systematics =772
40
Y Beam
30 Improvements
s, 5o /
<
20 L ]
\, \\\
- ,Ss\(:\( \:\\\\\\\\
10 - 30 ’ NN\
0 Il
Whats LBNE? 0 200 400 600 800 1000

Exposure with 700kW (kt*years)
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BRODKACEN Sensitivity to New Physics, 35kTon, 700kW, 10yrs

NATIONAL LABORATORY

The Why, Non-standard interactions (J. Kopp):

Wi, Wit NC NSl discovery reach (30 C.L.)
of the Long
Baseline T . . :
Neutrino S-HZZQ%E -0
Experiment . Jem
only onee + O at atime e
Left/right edges: Best/worst arg(e)
o
LAr 33.4 kt @ 1300 km - €5
120 GeV, 5+ 5yrs

2" max. only

<—| 1% max. only Jem
<—| both maxima

Excl. by current bounds

m
:. E“T

Whats LBNE? €
GLOBES 2010 =

-3 -2 -1 0
10 10 .]:0 10 56 /65




CPV with higher power beam from Project X w s

R Okﬁlﬂl

NATIONAL LABORATORY

Csu

The Why,
What, Where
of the Long

Baseline CPV significance vs d¢p Project X Staging
Normal Hierarchy 1:1v:V, 1%/5% Signal/BG systematics

Neutrino

: 120 ‘ : : : : : . :
Experiment 700 kW, 100 kt.yrs 150 | Truevalues |
- +1100 kW, 200 kt.yrs - L, 20—
i any 100 +2300 kW, 200 kt.yrs - 1 100 - +23MW,200kyr —— |
I\ nal
Laboratory 50 - 1
o~ o
-50 4
-150 - 1
1 008 009 01 011 012 013 0.14 015
Scp/Tt sin®(20,5)

With sufficient exposure we can reach 5 — 10° resolution on dcp.

Whats LBNE?
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NATIONAL LABORATORY

The Why,
What, Where
of the Long
Baseline
Neutrino
Experiment

Whats LBNE?

CPV with higher power beam from Project X w s

Csu

Ax?

40
35
30
25
20
15

10

CP violation sensitiviﬁy
50% 6cp Coverage, Normal Hierarchy

2.3 MW

5in2(26,5)=0.088 to 0.100
5in?(20,3)=0.890 to 0.985
Amg,?=2.40 to 2.54x10°

o)

Q

700

0
0 50 100 150 200 250 300 350 400 450 500

Exposure with Variable Beam Power (kt*years)
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sy | BNE Phase | CD1 Approved Project

The Why, LBNE recieved DOE CD1 approval for phase | Dec 2012
What, Where
of t}:e Long ==

Baseline

ey —— LBNE Pro;ect Scope

e b 2

NGith Dakota New Neutr;\vo\Bre‘amjat Ferm\ﬂab. .
4 NN Minnesota

~

Wisconsint L8 Michige
\ 3

<

lowa
o

[Directed tomrarh 3 distant detettor atthe. : ;
Sanford Underground Rfsearch Eacﬂlty (SURF)in Lead SD ,

1linojisY

10/ kton Liquid Argon TPC Far Detector just below the surface

AII the Conventignal .Famlltles at Fermllab and SURF

reqmred to support the beam abddefeatarsissouri e e
R Image (12008 TerraMetrics “Google™
2008 Europaiiechnalogies

Pointer 43703!56.44" N 957 10/42.53" wsummmg 1 11100% Eye alt 1108.62 km

DOE Goal: Phase | includes ND and > 10 kton underground

Whats LBNE?

by attracting non-DOE contributions.




mookies | BNE CD1 Costs s

The Wh, LBNE Cost Base cost to
o :ﬁ'evgv::ée Estimate Cost %ofcostf TPC [datethru
e | in At-Year ks k$ kS |Twogo | kg | 62012

Experiment
130.01 Proj Office 57,014 16,099 32% 73,113 6,987

130.02 Beamline 129,370 35311 29% 164,680 7,422
130.03 NDC 11,815 10,748 148% 22563 4,558
130.04 WCD 11,178 0% 11,178 11,178
130.05 LArFD 181,347 71,767 41% 253,114 7,775
130.06 CF 241,191 71,600 31% 312,790 6,872
Top-down Contingency 30,000 5% 30,000

Grand Total 631,914 235,525 40% 867,439 44,792
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BrookinieN  Phase |: 10 kton LAr-TPC at SURF

The Why, 10 kT Liquid Argon TPC for the LBNE Experiment:
What, Where
of the Long
Baseline
Neutrino
Experiment

gy
ot . —
cyo® 05‘3‘1 Time Projection
N Chamber
Whats LBNE? Cost: ~ 260 $ M AY (incl 40% cont, no CF), Ready 2022

Extra cost to go underground: ~ 135 M$ 61 /65



Phase | Mass Hierarchy/CP Violation Sensitivity w.

Bass, CSU

Bllllﬂl(ﬁ:lﬂl

NATIONAL LABORATORY

The Why,
What, Where
of the Long
Baseline

Mass Hierarchy Significance vs 3¢p
Normal Hierarchy

CPV Significance vs ¢p
NH(IH considered)

Neutrino 10 5 Qi 1B anl ' d } 10kt | m—
Experiment Signal/Background Normalizatiane T +NOVA®)sT2K mmmmm
Notmaljzation: 1%{5% to 5%/15%
8 1%15% 1o 5%/ 15% 4 /\
N = /\
O e / \ /
g 6 8 3
c s
£ / \ /
= AL =
c 4 s c 2
> E— 2
\_/ / L \
2 ' N/ \
Homestake 10kt m—m—8 / \
0 ) 1N0v‘A(G)+IT2K ‘E : °
41 -0.8-06-04-02 0 0.2 0.4 0.6 0.8 1 -1 -08-06-04-02 0 02 04 06 08 1
dep/m Scp/m

The mass hierarchy can be determined using LBNE 14+ T2K/NOvA
LBNE | + T2K/NOvA = > 30 sensitivity to CPV for 35% of d;,

Whats LBNE?
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Experiment
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Summary and
Conclusions
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B0 Summary

The Why, The 3 flavor framework for neutrino oscillations is well established

What, Where . . e .
of the Long m Experiments have identified 2 very different mass scales and 3

5::::2 mixing amplitudes.

Experiment m The mass ordering (hierarchy) of the 1 and 3 mass states is still
unknown.

m The measurement of the hierachy using the matter effect in
long baseline accelerator v, — v is the most effective technique.

MH determination in LB v is independent of detector systematics

Discovering v CPV requires many 100kt .MW .yr exposures!

While it is NOT necessary to know MH to measure CP violation .
Baselines of > 1000 km are needed to cleanly separate CP
violating effects from matter effects.

» The LBNE experiment has the 1) optimal baseline, 2)
multi-MW beam design and 3) best detector
technology. LBNE phase | preserves all 3 features. Extra

Summary and non-DOE funding to increase phase | detector size, go
e underground, and add a near detector are being sought. 64 /65
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